Abstract. Two phases may be recognized in the development of congenital hydrocephalus in the hyh mutant mouse. During embryonic life the detachment of the ventral ependyma is followed by a moderate hydrocephalus. During the first postnatal week the cerebral aqueduct becomes obliterated and a severe hydrocephalus develops. The aim of the present investigation was to elucidate the cellular phenomena occurring at the site of aqueduct obliteration and the probable participation of the subcommissural organ in this process. Electron microscopy, immunocytochemistry, and lectin histochemistry were used to investigate the aqueduct of normal and hydrocephalic hyh mice from embryonic day 14 (E-14) to postnatal day 7 (PN-7) . In the normal hyh mouse, the aqueduct is an irregularly shaped cavity with 3 distinct regions (rostral, middle, and caudal) lined by various types of ependyma. In the hydrocephalic mouse, these 3 regions behave differently; the rostral end becomes stenosed, the middle third dilates, and the caudal end obliterates. The findings indicate that the following sequence of events lead to hydrocephalus: 1) denudation of the ventral ependyma (embryonic life); 2) denudation of dorsal ependyma and failure of the subcommissural organ to form Reissner fiber (first postnatal week); 3) obliteration of distal end of aqueduct; and 4) severe hydrocephalus. No evidence was obtained that NCAM is involved in the detachment of ependymal cells. The process of ependymal denudation would involve alterations of the surface sialoglycoproteins of the ependymal cells and the interaction of the latter with macrophages.
INTRODUCTION
Congenital hydrocephalus occurs in human and in several laboratory mammals; its incidence in the human is approximately 1 to 3 in every 1,000 live births. Congenital hydrocephalus may manifest either with a normal cerebral aqueduct or with a stenosed or obliterated aqueduct. An important question is whether in each individual, either human or experimental animal, a patent aqueduct and aqueductal stenosis and obliteration are sequential events occurring during the pathogenesis of congenital hydrocephalus. The mutant hyh mice (1, 2) represent a good model to investigate this aspect ( Fig. 1) .
At birth all mutant hyh mice display moderate hydrocephalus and a stenosed cerebral aqueduct (2) . A few days after birth the caudal end of the aqueduct becomes completely sealed; this is followed by severe hydrocephalus (2) . Thus, the mechanism operating in each mutant hyh mouse involves 2 distinct phases ( extending to the first few days after birth and characterized by a moderate hydrocephalus and a stenosed cerebral aqueduct. Second, a phase starting during the first postnatal week with the obliteration of the caudal end of the aqueduct and continuing with a progressively severe hydrocephalus (2) . The mechanism triggering the early phase occurring in the embryo has recently been partially elucidated; a programmed and massive denudation of the ventral ependyma of all ventricles and central canal precedes and, most likely, triggers the onset of a moderate hydrocephalus (3) . What is the mechanism operating in newborn hyh mice leading to a complete obliteration of the caudal end of the aqueduct and, consequently, to severe hydrocephalus? Preliminary studies indicate that in the human an embryonic phase with a permeable aqueduct and a postnatal phase when the aqueduct becomes obliterated may be observed in an individual developing congenital hydrocephalus (unpublished observations). Thus, the elucidation of the mechanism leading to aqueductal obliteration in the mutant hyh mice may help in the investigation of the human aqueductal stenosis operating in congenital hydrocephalus.
Most investigations indicate that stenosis of the aqueduct is a key event for the development of congenital hydrocephalus (4) (5) (6) . The mechanism(s) responsible for the obliteration of the cerebral aqueduct are not clear; it appears to be a multi-etiologic phenomenon, including infectious (7, 8) , nutritional (9, 10) , and genetic disorders. A mutation in the gene encoding for the cell adhesion molecule L1, located in the X chromosome, has been reported to lead to aqueductal stenosis in the human and mice (11) (12) (13) . All these reports point to agents or compounds that may be involved in the aqueductal stenosis, but do not throw light on the mechanism proper. An early hypothesis advanced by Overholser et al (9) postulated that the secretion of the subcommissural organ (SCO) released into the cerebrospinal fluid (CSF) during the fetal life prevents the closure of the cerebral aqueduct, and that a maldevelopment of the SCO might lead to aqueductal stenosis and congenital hydrocephalus. This hypothesis has been supported by recent findings obtained in animals (2, (14) (15) (16) and human cases (17) . The most direct evidence has been obtained by the induction of aqueductal stenosis and hydrocephalus by the immunoneutralization of the secretory proteins of the SCO during the fetal and postnatal periods (18) .
The present investigation has been carried out to elucidate the events occurring in the brain of the mutant hyh mice during the first postnatal week, and more specifically the cellular and molecular phenomena occurring at the site of the aqueduct becoming obliterated and the probable alterations occurring in the SCO. The fact that, in this mouse, mutant obliteration of the aqueduct occurs during a discrete postnatal period makes it possible to investigate phenomena occurring before and during the process of aqueductal obliteration.
MATERIALS AND METHODS

Animals
Mice of the C57BL/10J strain were obtained from Jackson Laboratory (Bar Harbor, ME) and bred into a colony in the animal house of the Instituto de Histologí a y Patologí a, Universidad Austral de Chile, Valdivia, Chile. The mice were fed ad libitum with rodent food and maintained under a constant 12-h light/12-h dark photoperiod and room temperature of 25ЊC. Heterozygous females were caged together with a heterozygous male overnight. The pregnant females were then caged separately and kept under normal lighting and feeding conditions. After birth, litters were counted and inspected to detect signs distinguishing the mutant newborns, such as smaller body size, a domed head, or gripping of the forearms when lying on their back. Three to 4 days after birth the diagnosis became more reliable, since the typical sign of hop gait appears. Nevertheless, the definitive diagnosis was made by the microscopic analysis. The litter size ranged from 5 to 12 newborns, with an average size of 8 to 10 mice. In each litter, 1 to 4 mice were hydrocephalic mutants. Handling, care, and processing of animals were carried out according to regulations approved by the council of the American Physiological Society. 
NCAM, neural cell adhesion molecule; BLBP, brain lipid binding protein; Vim, vimentin; Glut-1, glucose transporter type 1; LFA, Limax flavus agglutinin (affinity exclusively for sialic acid); LE, tomato lectin (L. Esculentum; affinity ϭ N-acetylglucosamine, N-acetyllactosamine); g, glycocalyx; c, cytoplasm; p, prenatal denudation; RSA, rostral third of Sylvius aqueduct; MSA, middle third of Sylvius aqueduct; CSA, caudal third of Sylvius aqueduct. (1), (2), (3), (4) region numbers in Figures 1 and 2 . Ϫ ϭ no immunoreaction; ϩ and ؉ ϭ degree of immunoreaction. An area similar to that framed by rectangle of Figure 3A , showing the ultrastructural features of the ventral (VE) and dorsal (DE) ependyma of the CSA. Golgi apparatus (G); small arrows, electron-dense granules; large arrow, lumen of CSA. B: Mitotic figure in dorsal ependyma of CSA (asterisk). The arrow points to short microvilli. C: Detailed magnification of ventral ependymal cell shown in panel (B); rer, RER cisternae; G, Golgi apparatus; arrow, and secretory granules. D: An area similar to that framed by square in Figure 4A , rer, RER cisternae; G, Golgi apparatus; sg, secretory granules. Short microvilli are embedded in a thick electron-dense glycocalyx (arrow). Inset: High magnification of the glycocalyx (arrow). E: Adherent (thick arrow) and tight (thin arrow) junctions between ventral ependymal cells. Double arrows indicate structure probably corresponding to a gap junction. Magnifications: A, ϫ5,000; B, ϫ4,800; C, ϫ12,000; D, ϫ14,000, Inset, ϫ21,000; E, ϫ26,000.
Cerebrospinal Fluid Cells
Under ether anesthesia, CSF samples were obtained from the postnatal day (PN-7) hydrocephalic mice. For this purpose, a 27-gauge needle connected to a 10-l Hamilton syringe was inserted through the skull into the dilated third ventricle that could be readily visualized under a dissecting microscope. Approximately 50 to 100 l of CSF was obtained from each animal. Part of each sample was placed on a glass slide, spread under a coverslip, and analyzed in an interference phase contrast (Nomarski optic) microscope. The rest of the sample was used for additional studies to be reported elsewhere.
Light Microscopy
Twenty-three hydrocephalic mice and 18 littermate controls ranging from PN-1 to PN-7 were processed for light microscopy. In addition, the central nervous system of 11 normal and hydrocephalic embryos (E-14, E-15, E-17, E-18, E-19) were also collected and processed. All mice belonging to the same litter were processed simultaneously, allowing a comparative analysis of normal and mutant mice of the same age and born from the same mother. Under deep ether anesthesia, the animals were decapitated. After making a sagittal cut through the lateral region of the skull to expose the brain tissue, it was immersed in Bouin fixative for 2 to 3 days. Slices through the spine containing the spinal cord were also fixed and processed and embedded in paraffin. Cross sections through the spinal cord of all animals were stained with hematoxylin and eosin and used to distinguish normal from mutant mice by the presence or absence of the central canal, respectively. Serial sagittal or transverse sections (10 m thick) of the central nervous system of the hydrocephalic and normal mice were obtained. In 7 mutants and 7 normal mice, the whole series of sections obtained from each animal was mounted on a set of slides and used for immunostaining with AFRU (see below). In the remaining 11 normal and 16 hydrocephalic mice, adjacent serial sections from the SCO-aqueductal region were mounted separately and used for immunocytochemistry and lectin binding. 
Immunocytochemistry
The PAP method previously described by Sternberger et al (19) was applied. The following primary antibodies were used: 1) AFRU (A ϭ antibody, FR ϭ Reissner fiber, U ϭ urea). This antibody was raised in rabbits against the constitutive glycoproteins of the bovine Reissner fiber (20) and specifically reacts with the high molecular weight glycoproteins secreted by the SCO into the CSF, where they aggregate to form Reissner fiber (21, 22) . AFRU was used at a dilution of 1:1,000. 2) Antivimentin raised in goat (Sigma, Madrid, Spain), 1:500 dilution.
3) Anti-glial fibrillary acidic protein (GFAP), monoclonal (Sigma, St. Louis, MO), 1:1,000 dilution. 4) Anti-S100 protein developed in rabbit (Instituto de Histologí a y Patologí a, Universidad Austral de Chile), dilution 1:4,000. 5) Anti-NCAM, monoclonal (Developmental Studies Hybridoma Bank, Iowa City, IA; 5B8 clone), supernatant used undiluted. 6) Anti-brain lipid binding protein raised in rabbits (BLBP, kindly provided by Dr. N. Heintz, Howard Hughes Medical Institute, Rockefeller University, New York), 1:3,000 dilution. BLBP is expressed at high levels by radial glia (23). 7) Anti-proliferating cell nuclear antigen (PCNA), monoclonal (Sigma, St. Louis, MO), 1: 500 dilution. 8) Anti-glucose transporter 1 (Glut-1, 1:2,000; kindly provided by Coralia I. Ribas, Memorial Sloan-Kettering Cancer Center, New York). Incubation in the primary antibody was for 18 h. Sections to be immunoreacted with anti-vimentin and anti-NCAM were mounted on poly-L-lysine-coated slides and treated with 5 g/ml proteinase K, in PBS (Roche Diagnostics, Barcelona, Spain), followed by microwave irradiation. The slides were immersed in a coplin jar filled with Tris-HCl buffer, pH 9.5, containing 5% urea and irradiated in a microwave oven (900 W) for 2 sessions of 5 min each. Anti-rabbit IgG raised in goats (obtained in the laboratory of E. M. Rodrí guez, Valdivia, Chile) and anti-goat IgG developed in rabbit (Sigma, Madrid, Spain) were used at a dilution 1:50 for 1 h. PAP complexes using anti-peroxidase developed in rabbits (Instituto de Histologí a y Patologí a, Universidad Austral de Chile), goat (Sigma, Madrid, Spain), or mouse (DAKO, Barcelona, Spain) were used at a dilution of 1:75, 1:200, and 1:100, respectively, for 30 min. 3.3Ј-diaminobenzidine tetrahydrochloride (DAB, Sigma, St. Louis, MO) was used as electron donor. Incubations were performed at 20ЊC. All antibodies were diluted in Tris buffer, pH 7.8, containing 0.7% non-gelling seaweed gelatin lambda carrageenan and 0.5% Triton-X 100 (both from Sigma, St. Louis, MO). Omission of the incubation in the primary antibody was used as a control of the immunoreaction.
Lectin Binding
Five lectins were used: 1) Tomato lectin (L. Esculentum, LE; affinity ϭ N-acetylglucosamine, N-acetyllactosamine). Sections were incubated with biotinylated LE (Vector, Burlingame, CA), 5 g/ml in phosphate buffered saline, pH 7.3, for 1 h at 37ЊC. Incubation in streptavidin (1:2,000) was for 30 min, at 20ЊC. 2) Wheat germ agglutinin (WGA; affinity ϭ internal residues of glucosamine and sialic acid residues). Peroxidase-labeled WGA (Sigma, St. Louis, MO), dissolved in Tris buffer, pH 7.8, was used at a concentration of 2.5 g/ml. 3) Limax flavus agglutinin (LFA; affinity exclusively for sialic acid). Unlabeled LFA (Calbiochem, San Diego, CA) was used at a concentration of 7 g/ ml in 0.1 M Tris buffer, pH 7.3. The lectin-binding site was revealed by the immunoperoxidase method using anti-LFA serum (raised by E. M. Rodrí guez). 4) Peanut ( Arachis hypogaea) agglutinin (PNA; affinity ϭ terminal residues of galactose). Sections were incubated in peroxidase-labeled PNA (Sigma, St. Louis, MO), 20 g/ml in 0.1 M Tris buffer, pH 7.8. 5) Ricinus comunis agglutinin (RCA; affinity ϭ terminal residues of galactose. Sections were incubated in FITC-labeled RCA (Sigma, St. Louis, MO) 50 g/ml in 0.1 M Tris buffer, pH 7.8. Galactose is the subterminal sugar residue in complex-type, N-linked glycoproteins (24) . Removal or absence of sialic acid residues leaves galactose as the terminal residue, that in turn results in the binding of PNA or RCA (25) . Cross sections of bovine spinal cord containing the central canal and the Reissner fiber were used to test the sugar specificity of LFA and PNA. Sections subjected to acid hydrolysis were immersed in 0.1 M sulfuric acid for 1 h at 80ЊC (25, 26) . This procedure removes the sialic acid residues, exposing the galactose residue (25) . Treated and untreated adjacent sections were used for LFA and PNA binding. Incubations in lectins 2 through 5 were for 1 h at 22ЊC. Binding sites of peroxidase-labeled lectins were visualized by the DAB reaction.
Transmission Electron Microscopy
The (27) , was used. Blocks of tissue containing the rostral, middle, and caudal thirds of the aqueduct were obtained and fixed in 1% OsO4 in 0.1 M phosphate buffer, pH 7.4, for 2 h at 4ЊC. Embedding was in Epon. Sections were contrasted with lead citrate and uranyl acetate and analyzed under a Hitachi H-700 electron microscope.
Scanning Electron Microscopy
The brains of 17 normal and 20 mutant mice collected at PN-1, PN-2, and PN-3 were fixed in aldehydes following the procedure described for transmission electron microscopy. The blocks of tissue were prepared as follows: 1) A midsagittal cut in order to have a lateral view of the third ventricle, aqueduct, and fourth ventricle. 2) Lifting the roof of the aqueduct to visualize the floor of the aqueduct from above. 3) Combining 1 and 2 in order to have a lateral and a dorsal view of the aqueduct. 4) Lifting the roof of the aqueduct and overlooking the slender caudal segment of the aqueduct from the dilated medial segment of the aqueduct. The tissue blocks were postfixed in 1% OsO4 in 0.1 M phosphate buffer, pH 7.4, for 2 h at 4ЊC. After dehydration and critical point drying the blocks of tissues were coated with gold.
RESULTS
Types of Ependyma in the Aqueduct of the Normal hyh Mouse
The aqueduct is an irregularly shaped cavity with 3 zones (rostral, middle, and caudal) clearly distinguishable ( Fig. 2A, D) . The characterization of these zones in the normal hyh mouse is relevant since in the hydrocephalic mice the rostral end of the aqueduct becomes stenosed, the middle portion dilates, and the caudal end obliterates. The rostral third of the Sylvian aqueduct (RSA) is funnelshaped with the wide region overlooking the third ventricle. The roof of RSA is lined by the secretory cells of the SCO (Fig. 2A, D) . The floor of RSA is lined by a cubic ependyma that in hydrocephalic mice never detaches ( Table 1) .
The middle third of the Sylvian aqueduct (MSA) is the most voluminous region and has a pyramidal shape, with the base at the floor of the aqueduct and the top corresponding to the collicular recess (Fig. 2B, D) . The histological, immunocytochemical, and lectin histochemical analyses distinguished 4 types of ependyma throughout MSA (regions 1 to 4 in Fig. 2D -G and Table 1 ). A discrete zone along the midline of the floor of MSA, which is lined by ependymal cells with long basal processes binding LFA and LE lectin (Fig. 2F ) and containing vimentin (Fig. 2E) , never detaches in the hydrocephalic mice. For descriptive purposes, this zone will be designated as denudation resistant ependyma of the aqueduct (DREA).
The ependyma of region 4 of MSA (Fig. 2D, E) expresses Glut-1 and can proliferate (data not shown), allowing the expansion of MSA occurring in hydrocephalic mice (Table 1) . At the ultrastructural level these cells presented several dilated rough endoplasmic reticulum (RER) cisternae filled with a filamentous material, a welldeveloped Golgi apparatus, secretory granules 200 nm in diameter, and abundant mitochondria displaying numerous cristae (Fig. 3D) . The cells projected short microvilli that were embedded in an electron-dense prominent glycocalyx (Fig. 3D ). These cells presented adherent and tight junctions (Fig. 3D) .
The caudal third of the Sylvian aqueduct (CSA) is a flat and wide cisternum draining into the fourth ventricle ( Fig. 2A, D) . The lumen of this cisternum varied among normal littermates from a cavity 10 to 20 m wide (Fig.  4A ) to a virtual space (Fig. 4D) . The use of various molecular markers revealed differences between the dorsal and ventral ependyma of CSA (Table 1 ; Fig. 4D-I ). Anti-NCAM labeled the lateral walls of the ventral ependymal cells, but not those of the dorsal ependyma (Fig. 4F, I ).
The transmission electron microscopic study carried out at PN-2 further revealed the differences between the (ii) Once started, denudation proceeds medially and rostrally (broken red arrows). (iii) The same pattern is followed by the fusion of ventral and dorsal neuropils (thin blue arrows). Thick blue arrows indicate sites of fusion of the dorsal and ventral walls. H: Proposed conformation of the complex-type oligosaccharide tree of N-linked sialoglycoproteins present in the glycocalyx of the ependyma and in Reissner's fiber (RF). LFA binds to sialic acid residues and PNA binds to terminal galactose residues. Acid hydrolysis (h) cleaves the sialic acid residues and exposes galactose as terminal residues. i-iv: Adjacent cross sections through the central canal of bovine spinal cord containing RF, processed for LFA and PNA binding (before and after acid hydrolysis). Notice that sialic acid residues are more abundant at the periphery of RF. Magnifications: A-C, ϫ260; D, E, ϫ670; H, ϫ320.
ventral and dorsal ependyma of the CSA. The cylindrical ventral ependymal cells presented numerous dilated RER cisternae, a well-developed Golgi apparatus, and few electron-dense granules 160 nm in diameter (Fig. 3A-C) . All cells projected microvilli and only few were multiciliated (Fig. 4B) . The cells were joined together by adherent and tight junctions (Fig. 3E) . The cytoplasm of the dorsal ependymal cells was rich in polyribosomes and poor in other cell organelles. Frequent mitosis was seen in the dorsal ependyma (Fig. 3B) and none was found in the ventral ependyma.
The scanning electron microscopy of the ventricular walls showed that an explosive process of ciliogenesis occurs during the first 3 postnatal days. At PN-1, most of the ventral surface of the MSA and CSA was lined by cells devoid of cilia. At PN-2, a few multi-ciliated cells started to appear scattered along the midline of the floor of the aqueduct (Fig. 2B, C) . At PN-3, most cells lining the walls of the aqueduct were endowed with numerous cilia.
Events Occurring in the Hydrocephalic Mice
Obliteration of the Caudal End of Aqueduct: All newborn hydrocephalic mice presented ependymal denudation in distinct areas of the ventricular system according to a pattern that reflected the situation found at the end of the embryonic life (3). The areas of the ventricular and aqueductal walls that had become denuded during the embryonic life (e.g. the lateral ventricles, the floor of the aqueduct, and the fourth ventricle) became lined by a thick and continuous layer of GFAP-reactive astrocytes (Fig. 5D, F, G) . Areas denuded postnatally, such as the dorsal wall of the aqueduct, were covered by a discontinuous layer of GFAP-positive astrocytes. The astrocytes covering the denuded areas, but not those present throughout the brain tissue, expressed the proteins S100 and vimentin (Fig. 5H) . In the normal hyh mice, these proteins were not expressed in any of the astrocyte populations. PCNA labeled nuclei probably corresponding to astrocytes were seen in the proximity of the denuded areas. Although the regions where the ependyma did not detach were free of GFAP-positive astrocytes (Fig. 5D) , the stenosed RSA that is lined by ependyma displayed an accumulation of subependymal astrocytes (Fig. 5D) . In contrast, no astrocytes were present at the zone of occlusion of CSA where the neuropils of the cerebellum and brainstem fused (Fig. 5F ).
All hydrocephalic mice from PN-1 to PN-7 presented a dilation of the third ventricle and cerebral aqueduct ( Fig. 5A-F) and presented a marked stenosis of the RSA (Fig. 5A, C, D) . Of the 36 hydrocephalic mice collected throughout the first postnatal week and processed to evaluate the obliteration of the CSA, 27 (75%) presented a complete obliteration of CSA, 4 (11%) had a partial obliteration, and 5 (14%) had no obliteration. By the end of the second postnatal week, 100% of hydrocephalic mice had complete obliteration of CSA (unpublished observation). In each individual mouse the obliteration of the CSA could occur at any time during the first postnatal week; however, it preferentially occurred during the first 3 postnatal days (56%).
Development of Severe Hydrocephalus: After closure of the caudal end of the aqueduct, a severe hydrocephalus started to develop and ependymal denudation continued in well-defined areas. All animals killed during the first postnatal week that had a partial or complete closure of CSA presented a much larger dilation of the third ventricle and of MSA compared to hydrocephalic mice with a still-open CSA (Fig. 5A ). There were hydrocephalic littermates with a patent and obliterated CSA, with the latter undergoing a more severe hydrocephalus, suggesting that the rapid expansion of the ventricular cavities started soon after aqueduct closure. In parallel with the expansion of the ventricular cavities occurring during the first postnatal week, ependymal denudation proceeded in the rostro-dorsal wall of MSA (region 2 in Table 1 ) and the walls of the third ventricle.
On the other hand, in 6 distinct regions of the ventricular walls the ependyma did not detach despite the severity of hydrocephalus: 1) The wall of the collicular recess ( Table 1 ). The ependyma of this region proliferated allowing the large expansion of the MSA (data not shown).
2) The dorso-caudal wall of the MSA (Table 1 ; Fig. 5E, F) . These ependymal cells also proliferated contributing to the enlargement of the MSA (data not shown). 3) A well-circumscribed region of the floor of the aqueduct, DREA (Fig. 5A, B) . 4) The floor region of the aqueduct opposite to the SCO (Fig. 5C ). 5) The ependyma lining the roof of the third ventricle extending between the SCO and the habenular commissure (Fig.  5C, D) . This ependyma proliferates and allows the dorsal expansion of the third ventricle (data not shown). 6) The specialized ependyma of the circumventricular organs, i.e. SCO (Fig. 5C, D) , choroid plexus (Fig. 5C, G, H) , subfornical organ, organum vasculosum of the lamina terminalis, and tanycytes of the median eminence.
Alterations and Detachment of the Dorsal Ependyma Lining the Caudal End of the Aqueduct
Detachment of the dorsal ependyma lining the caudal end of the aqueduct precedes the obliteration of the aqueduct. A key region for the obliteration of the aqueduct is the flat cisternum (CSA) connecting the medial segment of the aqueduct (MSA) with the fourth ventricle (Fig. 5A) . In hydrocephalic mice the ependyma lining the ventral wall of this region was detached early in the embryonic life (Fig. 6A, F) . However, while the ependyma of the dorsal wall of CSA is intact, obliteration does not occur (Fig. 6A) . Ependymal denudation of the dorsal wall of CSA does not occur at random, rather, it is a process starting at the lateral and caudal regions of CSA and progressing medially and rostrally (Fig. 6A, B, F, G) . This pattern matches that of the obliteration process; indeed, obliteration resembled the closure of a microscope diaphragm, so that there were hydrocephalic animals with a complete open diaphragm (no obliteration), others with a fully closed diaphragm (complete obliteration), and others with varying degrees of closure of the diaphragm (partial obliteration). Such an obliteration diaphragm was visualized in serial sagittal and frontal sections (Figs. 6A-C, 7B, C) and by scanning electron microscopy (Figs.  7A) . At the obliteration the neuropil of the cerebellum and that of the hindbrain became fused (Figs. 6F, 7C) .
The ependymal cells of the dorsal wall of CSA formed a heterogeneous population with respect to their lectin binding properties. The glycocalyx of some of these cells bound both, LFA and PNA, whereas the glycocalyx of others only bound PNA (Fig. 6D, E) . After detachment of the dorsal ependyma, the dorsal and ventral walls of CSA lacked a layer of WGA and LFA-binding material. Sections of the bovine spinal cord used to test the binding properties of these 2 lectins showed that Reissner fiber and the glycocalyx of the ependyma of the central canal bind LFA but not PNA or RCA. After acid hydrolysis these structures bind PNA and RCA but not LFA (Fig.  6H ).
Cytological Characteristics of Detached Ependymal Cells
Detached ependymal cells may be found free in the ventricular cavities without displaying detectable abnormalities. In the zones undergoing ependymal denudation, individual cells with cytological features and immunocytochemical properties characteristic of ependymal cells were seen within the ventricles and aqueduct (Fig. 8E-H) . Cells detaching from ependymal zones expressing NCAM displayed immunoreactive NCAM at their periphery (Fig. 8F) , and as these cells detached they became spherical (Fig. 8E, F) . Spherical cells, most likely corresponding to detached ependymal cells displayed a voluminous nucleus with abundant euchromatin (Fig. 8E) , , ϫ1,100 ; B, ϫ4,000; C, ϫ1,500; D, ϫ1,900; E, ϫ900; F, ϫ1,100; G, ϫ1,500; H, ϫ2,100.
were strongly reactive for vimentin (Fig. 8H) and had a thick surface layer of LFA and LE binding material (Fig.  8G) . These detached ependymocytes formed cell clusters with macrophages ( Fig. 8E-G) .
In the ventricular areas becoming denuded, the scanning electron microscope revealed clusters of smooth surfaced spherical cells, probably corresponding to detaching ependymal cells (Fig. 8C) , macrophages, and lymphocytes (Fig. 8D) . The denuded areas exposed the underlying neuropil and had a rough appearance (Fig.  8D) .
Expression of the Neural Cell Adhesion Molecule (NCAM) in the Ependyma of Normal and Hydrocephalic hyh Mice
There is a clear division of the ependymal lining with respect to the expression of NCAM. In hydrocephalic mice there were ependymal regions expressing NCAM that underwent denudation, such as the rostral roof and floor of the aqueduct. Other ependymal cells also expressed NCAM but did not detach, namely, the SCO and roof of third ventricle (Fig. 9H) . Conversely, there were ependymal zones not expressing NCAM that could either detach (i.e. dorsal wall of CSA) or be resistant to denudation, such as the choroid plexus (Fig. 9H) . Thus, the expression of NCAM in the hydrocephalic hyh mouse is not related to the ependymal regions undergoing denudation.
Macrophages and the Process of Ependymal
Denudation and Aqueductal Obliteration CSF samples collected from the third ventricle and aqueduct of hydrocephalic mice and observed under interference phase contrast revealed the presence of living cells that displayed numerous vacuoles of varying sizes and thin laminar surface protrusions (Fig. 9C) . In fixed brains, macrophages attached to the walls of the ventricles and aqueduct, thus making possible their visualization in tissue sections. Using light microscopy they were identified by their cytological characteristics and by their strong affinity for LFA (Fig. 8G) and LE (Fig. 9D) . The nucleus of many macrophages reacted with anti-PCNA (Fig. 9E) and ventricular macrophages undergoing mitosis were seen (Fig. 9F) .
At the ultrastructural level macrophages were characterized by well-developed Golgi apparatus and RER and by numerous lysosomes (Fig. 9A) . Numerous vacuoles of about 700 nm in diameter coexisted with a few large vacuoles reaching 4 m in diameter. They projected slender and long surface processes and pear-shaped protrusions (Fig. 9A) . Under the scanning electron microscope, macrophages presented an irregular appearance, with globular and laminar surface protrusions (Figs. 8B, 9B ).
Macrophages were numerous in areas that had undergone recent ependymal denudation, such as the lateroventral wall of MSA (Fig. 5C, E ), but were scarce or missing from those areas that had undergone denudation early in the embryonic life, such as the ventral wall of the fourth ventricle. Although at lower density than that of the denuded areas, macrophages were also present in areas still endowed with ependyma but that would later become denuded, such as the dorsal wall of the MSA and the lateral walls of the third ventricle (Fig. 8A) .
Specialized ependyma that will never detach, even in the chronic phases of the hydrocephalus (unpublished observations by the authors), such as the SCO, choroid plexus, and tanycytes of the median eminence, were free of macrophages. The situation found in DREA is a hallmark of this phenomenon; indeed DREA remains as a macrophage-free island in the floor of the aqueduct (Fig.  5A, B) .
Before obliteration of CSA takes place, macrophages may be seen in close contact with the dorsal wall of the CSA. Rostral to the region becoming obliterated, the floor of the aqueduct is crowded with macrophages, whereas the dorsal ependyma, which is endowed with an LFApositive glycocalyx, is free of macrophages (Fig. 7A, D) . The ependyma lining the expanding collicular recess, which is a proliferative and Glut-1 expressing ependyma Fig. 8A, B) . Macrophage (M) establishing close contact with a multi-ciliated cell (C). Other ependymal cells have short microvilli and 1 (arrow) or no cilia (asterisk). C: Living macrophage collected from the ventricular CSF of a hydrocephalic mouse visualized with Nomarski optic. The cell nucleus (n), cytoplasmic vacuoles of various sizes, and laminar surface protrusions (arrow) are seen. D: Paraffin section of ventricular macrophages labeled with LFA. Arrows, surface projections; n, cell nucleus. E: Paraffin section of macrophages immunostained for PCNA. The nucleus of macrophage 1 is not labeled, and that of macrophages 2 and 3 show increasing intensity of labeling. F: Paraffin section stained with hematoxylin and eosin. M, dividing macrophage; arrow, chromosomes; E, undetached ependyma. G: Scanning EM of epithalamus of the same hydrocephalic mouse (PN-2) shown in Figure 5A . The ependyma of the subcommissural organ (SCO), roof of third ventricle in contact with the pineal gland (P), habenular commissure (HC), choroid plexus (CP), and latero-dorsal wall of third ventricle (III) is not detached. H: Paraffin section through the epithalamus of a hydrocephalic mouse, at PN-2, immunostained for NCAM. The ependyma of the SCO, roof of the third ventricle, and habenular commissure is immunoreactive, especially at the lateral plasma membrane (arrow in insert). The choroid plexus (CP) is not reactive. The ventricular wall close to the thalamus (Th) is denuded. Magnifications: A, ϫ7,200; B, ϫ5,000; C, ϫ2,400; D, ϫ2,000; E, ϫ1,500; F, ϫ2,000; G, ϫ180; H, ϫ160.
was virtually free of macrophages; this ependyma never detached. As hydrocephalus proceeded (from PN-3 to PN-7), the density of macrophages decreased from the denuded areas and increased in the areas becoming denuded.
A detailed scanning microscopy analysis of the areas becoming denuded revealed the following: 1) they were lined by a mixed population of non-ciliated, mono-ciliated, and multi-ciliated ependymal cells (Figs. 8A, B,  9B) ; 2) macrophages were exclusively associated with the ciliated cells (Figs. 8B, 9B) ; 3) discrete denuded areas were associated with a group of macrophages (Fig. 8C) ; and 4) macrophages were in close contact with cell bodies and processes of the nervous tissue in the denuded areas (Fig. 8C) . Round, small cells lacking affinity for LFA and displaying the ultrastructural characteristic of lymphocytes were seen intermingled with macrophages (Fig. 8D) .
The Subcommissural Organ-Reissner Fiber Complex of Normal and Hydrocephalic hyh Mice During the First Postnatal Week
Normal hyh Mice: The immunostaining with anti-Reissner fiber serum of complete series of sections through the brain of normal hyh mice killed during the first postnatal week revealed that the SCO starts to secrete Reissner fiber material at PN-2. The released material first condenses as spheres located on the tip of the cilia of ependymal cells of the aqueduct floor (Fig. 10C, D) . Subsequently, the released material aggregates as a film of fibrils that cover the floor of the aqueduct (Fig. 10A, E,  G) . By PN-6 the fibrils become progressively condensed along the midline of the aqueduct floor (Fig. 10I, J) to finally form a Reissner fiber proper at PN-7 (Table 2) . Adjacent sections processed for LFA binding showed strong labeling of both the glycocalyx of the ventral ependyma of CSA and the Reissner fiber material occupying part of the lumen of this aqueductal region (compare Fig. 10G and H) .
Hydrocephalic hyh Mice:
The secretory process leading to the formation of Reissner fiber described for the normal hyh mice was missing in the hydrocephalic hyh mice ( Fig. 10F ; Table 2 ). Electron microscopy and several molecular markers revealed the existence of various populations of ependymal cells distributed throughout the walls of the Sylvius aqueduct (SA). The functional significance of these ependymal differentiations is completely unknown; however, their pathological significance in hydrocephalus is clear. The marked stenosed rostral end of SA is lined dorsally by the subcommissural organ and ventrally by a ciliated ependyma; neither of these ependyma detach. On the other hand, the ependyma lining the ventral and dorsal walls of the CSA detaches, leading to fusion of both neuropils and full obliteration of the caudal end of SA. At variance, the ependyma of the collicular recess does not detach but proliferates, allowing the large hydrocephalic expansion of this cavity.
DISCUSSION
Astrocytes play a key role in repairing the denuded areas. They proliferate, migrate to the denuded walls, change their phenotype, and form a lining ''resembling'' the ependymal layer. Whether astrocytes develop some kind of barrier properties in this layer is not known.
Postnatal Ependymal Differentiation in Normal and
Hydrocephalic hyh Mice
In the normal hyh mouse the differentiation of ependyma continues after birth; this process is altered in the hydrocephalic hyh mouse. With the exception of the circumventricular organs, the walls of the third ventricle and SA of newly born normal hyh mice are lined by ependyma resembling that of hyh embryos (3). During the first The top of cilia is also immunoreactive (arrow). E, ventral ependyma. Magnifications: A, ϫ20; B, ϫ20; C, ϫ140; D, ϫ700; E, ϫ140; F, ϫ280; G, ϫ280; H, ϫ280; I, ϫ280; J, ϫ700.
3 postnatal days, this ependyma acquired many of the characteristics of the mature ependyma. Several investigators have charted the temporal and regional ependymogenesis by using immunocytochemical markers for various cytoskeletal and diffusible proteins. One of them, vimentin, follows a regional distribution and a predictable process of disappearance from the fetal ependyma and is no longer expressed in mature ependymal cells (28) . In normal hyh embryos, the onset of expression of vimentin in the dorsal ependyma of the aqueduct is delayed with respect to that of the ventral ependyma (3) . During the first postnatal week, the ventral ependyma no longer expresses vimentin but the dorsal ependyma does (present report), suggesting that maturation of the dorsal ependyma of the aqueduct continues after birth, which could also explain the ''delayed'' detachment of the dorsal ependyma in the mutant hyh mice. Furthermore, the patterned ciliogenesis occurring during the first postnatal days would also be a landmark for the ependymal differentiation process. This pattern matches that of the ependymal denudation occurring in the hydrocephalic mice, suggesting that a defect in the ependymal differentiation may be responsible for the ependyma detachment.
Stenosis and Obliteration of the Aqueduct Are Separate Processes
In the hydrocephalic hyh mice, stenosis and obliteration occur during discrete periods of the postnatal life and in distinct regions of the aqueductal walls. Stenosis is a reduction of the lumen of the aqueduct, whereas obliteration implies the complete disappearance of the aqueductal lumen due to the fusion of the denuded walls. Three different processes occur throughout the SA of hydrocephalic mice, namely, a marked stenosis of its rostral end, a large dilation of its middle region, and obliteration of its caudal end. The animals are born with a stenosis of the rostral end of SA (2), which persists throughout the life span (unpublished observation by the authors). At birth, the caudal end of SA is open but during the following days it becomes obliterated, followed by the rapid expansion of the middle region of SA. Thus, a communicating and a non-communicating hydrocephalus are sequential events occurring in all hydrocephalic hyh mice. This could also occur in other species, such as the H-Tx rat (5) and the SUMS/NP mouse (4, 6 fetuses had a patent SA; in 1 case the SA became obliterated soon after birth, suggesting that in humans the presence or absence of an aqueductal obliteration also correspond to sequential events of the same phenomenon (unpublished observation). In normal hyh embryos the wide open cerebral aqueduct progressively narrows so that by the end of the fetal period it has acquired the shape of a flattened channel (3), similar to that of newborn mice. The same flattening process seems to occur in the aqueduct of human embryos during late gestation. Thus, in both species, aqueduct obliteration seems to occur once the ventral and dorsal walls of the aqueduct have become closely opposed.
Probable Mechanisms Involved in the Maintenance of a Patent Cerebral Aqueduct: Obliteration of its Caudal End
Two different phenomena may contribute to keep the caudal end of the aqueduct (CSA) patent, namely, the heavily sialylated glycocalyx of its ependymal lining and the presence of Reissner fiber. An alteration of any of these processes could lead to obliteration.
Ependymal Lining and Ependymal Denudation of CSA: The flat and slender cavity of CSA is lined by ependyma with a glycocalyx rich in sialic acid residues. These negatively charged layers may contribute to keep the dorsal and ventral walls of CSA separated.
Obliteration of CSA in hyh mice always follows a pattern, namely, it starts at the lateral and caudal regions of CSA and progresses medially and rostrally, resembling the closure of a diaphragm. The following findings suggest that ependymal denudation is a key event in this obliteration process: 1) Obliteration does not take place while the dorsal ependyma of CSA is intact. 2) Detachment of the dorsal ependyma and obliteration follows an identical pattern. 3) Obliteration never occurs in the stenosed rostral end of SA where neither the dorsal nor the ventral ependyma detach.
The SCO-Reissner Fiber Complex: Overholser et al (9) have proposed that the proteins secreted by the SCO into the CSF during the embryonic life prevent the obliteration of the aqueduct. Recent information supports this view. Reissner fiber-glycoproteins are N-linked sialoglycoproteins (21), with sialic acid residues preferentially oriented toward the surface of the fiber (29, present report). During the first postnatal week of normal hyh mice, Reissner fiber-glycoproteins form a film on the ventral surface of the CSA, providing this slender cavity with an additional source of negative charges. Furthermore, SCOspondin (the major constituent protein of Reissner fiber) has 26 thrombospondin type I repeats, each of which contain a 4 amino acid microdomain (VTCG) that has antiadhesive properties (30) (31) (32) . Thus, Reissner fiber, an ever-growing structure that occupies part of the lumen of CSA, may be a key element for the CSF flow through the aqueduct. Indeed, absence of Reissner fiber may lead to disturbances in CSF circulation (33) , aqueductal stenosis, and hydrocephalus (18) . In the hydrocephalic hyh mice, aggregated Reissner fiber material is missing during the key period of the first postnatal week when occlusion of CSA occurs (present report). Furthermore, these mice are unable to ever form a Reissner fiber proper (2) . Worth mentioning is the fact that the expression of the SCO-spondin gene by the SCO of hydrocephalic hyh mice is reduced (34) .
Probable Mechanism(s) of Ependymal Denudation
Are adhesion and junction molecules involved? The present investigation indicates that ependymal cells detach one by one and not as clusters, and that they are living cells not displaying detectable abnormalities. What led these cells to lose their assembly as an epithelium? Alterations in the adhesion and/or junction molecules appear as a likely possibility. A mutation in the gene encoding for the neural cell adhesion molecule L1 leads to aqueductal stenosis and hydrocephalus in the human (11, 35) and mice (12, 13, (36) (37) (38) . However, the mechanism by which the L1 mutation leads to hydrocephalus has not been clarified (11, 38) . It is not known whether L1 is actually expressed in ependymal cells; therefore, the study of the expression of L1 in the ependyma of normal and hydrocephalic hyh mice appears to be an important task. However, the present investigation indicates that in the hydrocephalic hyh mice another cell adhesion molecule, NCAM, would not be involved in the mechanism of ependymal detachment, since there was no correlation between the ependymal regions expressing NCAM and those becoming detached or being resistant to denudation.
Is the massive presence of macrophages in the ventricles of hyh mice a trigger or a consequence of ependymal denudation? Intraventricular macrophages, a normal resident of the mammalian ventricular system, are monocyte-derived active phagocytes (39) . They enter the ventricles by way of the choroid plexus through a process of emperipolesis (39) . Ventricular macrophages become activated and increased in number in rats with hydrocephalus induced by administration of 6-aminonicotinamide (39, 40) . Their association with denuded ependymal areas of hydrocephalic primates has been reported earlier (41) . In hydrocephalic hyh mice, numerous macrophages crowded the denuded floor of the aqueduct and fourth ventricle. The source of these ventricular macrophages could not be established, but evidence was obtained that they do proliferate within the ventricles.
Macrophages established a close spatial relationship with the denuded areas and with ependymal regions that are or will become detached, but they were missing from those ependymal regions that never detached. This points to a direct relationship between ependymal denudation and macrophages. Why do macrophages establish contact only with the most differentiated (multi-ciliated) ependymal cells in the ependyma that has not yet detached? It could be postulated that a defect only expressed at certain stages of cell differentiation could trigger the macrophage-ependymal cell interaction.
Macrophages have receptors specific for galactose (42) , and through this mechanism they interact with cells (e.g. aged erythrocytes) having surface glycoproteins displaying galactose as a terminal residue (42, 43) . The possibility has to be considered that in the hydrocephalic mice, a defect in the sialylation of N-linked glycoproteins would be expressed at certain stages of ependymal differentiation, resulting in the presence of surface glycoproteins with galactose as the terminal sugar residue. This possibility is supported by the present findings: in the hyh mice there are ependymal cells with a glycocalyx binding PNA and RCA, both lectins having affinity only for terminal galactosyl residues (25, 44) ; and detached ependymal cells clustered by macrophages are present within the ventricles and aqueduct. How do we explain that only certain ependymal lineages carry this defect? In the human there are at least 20 different sialyltransferase enzymes, with each one or a group being expressed in different tissues and in different developmental stages (45) . Thus, a genetic defect affecting one of them would only alter the cell type expressing such an enzyme. There is a growing group of hereditary diseases characterized by a genetic disorder of glycosylation of N-linked glycoproteins (46, 47) . In one of them, with a defect in the enzyme N-acetylglucosamine ␤-1,4-galactosyltransferase I, the patients develop a severe hydrocephalus of unknown mechanism (47) . If the ependymal cells of the hyh hydrocephalic mice have a defect in the glycosylation of Nlinked sialoglycoproteins, it could not only explain the interaction of these cells with macrophages, but also the defect in the aggregation of the glycoproteins secreted by the SCO.
In brief, it is postulated that the following sequence of events leads to obliteration of the CSA: denudation of ventral ependyma of CSA (embryonic life); denudation of dorsal ependyma of CSA and absence of Reissner (first postnatal week); obliteration of CSA; and severe hydrocephalus. The ependymal detachment could be mediated by one of the following processes: First, alterations of adhesion and junction proteins followed by detachment of ependymal cells and interaction of detached ependymal cells with macrophages. Second, alterations of surface sialoglycoproteins followed by interactions of in situ ependymal cells with macrophages. Third, ependymal denudation. Investigations are underway to learn more about the mechanism of ependymal denudation.
